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Abstract: The work shows the ability to visualize radiotracers used in SPECT with a system based
on a coded aperturemask and a hybrid pixel Timepix detectorwith theCdTe sensor. Characterization
of the system using X-rays and radioactive sources confirms that the spatial resolution of less than
1mmwith a field of view 3 cm× 3 cm can be achieved. The results of a simulation study to determine
the expected spatial resolution of the system in the focal plane for the various radionuclides is
presented. The possibility of using this system with a thin (1.5 mm) coded aperture mask for
reconstructing images of gamma emitters with the energy up to 180 keV is demonstrated.
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1 Introduction
The visualization of internal organs of small animals in vivo has become one of the main tasks
in preclinical studies over the last decade [1–3]. Single-photon emission computed tomography
(SPECT) allows obtaining tomographic images of the biodistribution of radiolabeled compounds,
both throughout the patient’s body and in separate organs. Radiopharmaceuticals labeled with
some gamma-emitter radionuclides (Eγ=80-350 keV) are used in SPECT, in contrast to the positron
emission tomography (PET). SPECT is currently one of the most effective and highly sensitive
imaging methods to study the function of internal organs and tissues, as well as a key tool in the
development of new radiopharmaceuticals and to seek for methods for their targeted delivery [4, 5].
Small animal imaging techniques also help to reduce the number of animals in non-clinical research
providing away to observe radiopharmaceuticals and other drugs in vivo distribution in a noninvasive
manner.
In the traditional gamma-ray registration device (Anger gamma camera), the detecting unit
consists of a collimator, scintillator and photomultiplier tubes (PMTs). Gamma radiation passing
through the collimator interacts with the scintillation crystal, where the emitted energy is converted
into the visible light, subsequently detected by the PMT. The main disadvantage of the gamma
camera is its relatively low spatial resolution, which typically equals to several millimeters or more
and which is limited by the collimator construction [6].
In studies of small animals, the region of interest typically has a small size and a high spatial
resolution is necessary to get a good image. However, the increase of the spatial resolution with the
given specific activity of radiopharmaceutical results in larger statistical fluctuations in the image,
especially if the detection efficiency is not high enough. This could be compensated by the increase
of the activity of the radiotracer and the exposure time, but only up to a certain limit determined by
the maximum allowed dose and the mobility of the studied object (breathing, occasional movements
etc) [5]. This makes good detection efficiency to be another key property of the SPECT system.
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With the exception to the Compton camera [7, 8], the main way to get an image in SPECT is
to collimate the gamma-rays. The quality of the image largely depends on the choice of collimator.
The spatial resolution of a gamma camera can be improved using a pin-hole and a high-resolution
coordinate detector [9]. However, this method is not efficient since only those photons that pass
through the hole will be detected and the rest of them will be absorbed by the collimator. The larger
is the aperture of the pin-hole, the higher is the sensitivity. However, the spatial resolution of the
system deteriorates with the increase of the pin-hole aperture [10].
An alternative is to use a coded aperture (CA) mask [11]. It is a perforated plate with a number
of holes (transparent elements), where the location of holes follows the specific pattern. The plate
is made of a heavy material to reach a high gamma absorption. Opposite to a pin-hole collimator,
the CA combines the high spatial resolution with the high sensitivity. In the case of CA, the image
of an object in the detector plane will be a result of the superposition of the images formed by each
hole (a shadowgram). The image of the real object can be reconstructed from the shadowgram of
N × N dimension using convolution with a decoding function [12]:
Ik,l =
N∑
j=1
N∑
i=1
Di,j · Mi+k,j+l, (1.1)
where Ik,l is an element of the reconstructed image, Di,j is an element of the shadowgram and M is
the decoding function.
2 Experimental setup
The goal of this work is to study the performance with a system based on a coded aperture mask
and a hybrid pixel Timepix detector with the CdTe sensor [13–15] in SPECT applications, aimed at
the imaging of small animals. A series of experiments with various radiation sources was carried
out with the following setup (Fig.1):
• Detector: a hybrid pixel detector based on the Timepix readout chip with a 1 mm thick
CdTe sensor. The main properties of the detector are summarized in Table 1. The detector is
capable to record the position of a gamma ray interaction and to determine the energy deposit
in the sensor for every particle [16]. Each particle interaction may induce a signal in one or
several adjacent detector pixels, thus forming a cluster. Weighted average of all signals in
the cluster provides the coordinate of the particle interaction and the total amplitude of all
signals in the cluster is proportional to the energy deposit in the sensor. During the exposure,
clusters are recorded and then only those are used further whose energy falls in the certain
range. Position of the selected clusters is used to form an 256 pixels wide by 256 pixels high
image, where every cluster enters with the unit weight.
• Collimator: a set of identical tungsten CA masks with holes following the square MURA
pattern with the rank equal to 31. The dimension of workarea is 22 mm × 22 mm. The radius
of a hole is of 170±10 µm. The thickness of every mask is equal to 0.5 mm. Depending on
the energy of gamma rays, a set can consist of more than one mask to improve the absorption.
– 2 –
Fig. 1. Layout of the experimental setup: 1 – source plane, 2 – coded aperture, 3 – detector, FoV – field of
view,f – distance from the source to the coded aperture, d – distance from the coded aperture to the detector
Table 1. Detector properties.
Sensor material CdTe
Sensor size 14.1 mm x 14.1 mm
Sensor thickness 1 mm
Pixel matrix 256 x 256
Pixel size 55 µm x 55 µm
Energy resolution for 60 keV gamma rays [17] 5.6%
Gamma ray detection efficiency[18] ≈100% below 60 keV, 65% at 100 keV
However, a thick mask decreases the FoV and deteriorates the reconstruction near the edges.
Therefore, the optimal thickness is a trade-off between the collimator absorption and the
spatial resolution of the measuring system, which is especially important for the multiple
hole collimator with a small diameter of a hole [19, 20].
Fig. 2. Mounting of the CA to a turntable.
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In this study a set of three CA masks was used with a total thickness of 1.5 mm (which
is enough to attenuate the intensity of 160 keV gamma rays by a factor of 30) fixed on
a vertically mounted turntable, thereby ensuring the rotation of the masks around their
center (Fig.2). A distinctive feature of MURA type CA is that the rotation of a mask by 90◦
closes previously open mask elements and open the closed ones. This allows to reduce the
systematic background, thereby increasing the signal-to-noise ratio [11, 12].
• Sources: three radiation sources have been used for the detector characterization. Namely, a
microfocus X-ray source1, the 59.5 keV gamma rays from the 241Am radioactive source with
the activity of 0.1 MBq and the diameter of approximately 2 mm, and various phantoms filled
with 99mTc.
The values of f and d were chosen so that the field of view was about 3 cm × 3 cm and
the shadowgram from the base mask pattern completely fitted to the detector area, which was the
necessary condition for the unambiguous image reconstruction from the shadowgram. A general
view of the experimental setup is shown in Fig.3.
Fig. 3. A general view of the experimental setup. 1 - The Timepix detector with the CA mask installed, 2 -
an object under study.
3 Measurement of the spatial resolution
The system spatial resolution of the detector was measured with the CA mask installed. Two
types of sources were used. First, a point-like X-ray source and a thin linear source were used
to directly measure the FWHM of the point spread function (PSF) and the line spread function
(LSF), respectively. Second, small radioactive objects comparable in size with the expected spatial
resolution were used as a cross-check. In the latter case, the response function was fitted by a
convolution of the uniform distribution and a Gaussian and the spatial resolution was obtained
using the standard deviation σ [21]:
FWHM = σ ∗ 2.35 (3.1)
1X-ray source SB 120-350 by SourceRay Inc.
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The X-ray source with voltage of 60 kV and the tube current of 100 µA was used to measure
the PSF. The focal spot size of 175 µm could be considered point-like. The photon energy followed
the continuous spectrumwith maximum at 30 keV. The shadowgram obtained with the 1 s exposure,
the reconstructed image and the response function to the point-like source are shown in Fig. 4. The
FWHM of the response function equals to 0.88 mm.
a) b)
c)
Fig. 4. The point-like source (selected energy range: 6 keV - 60 keV): a) the shadowgram obtained using the
X-ray source, b) the reconstructed image, c) the response function to the point-like source.
A 150 µm thick cotton thread saturated with a solution containing 99mTcwas used to determine
the LSF. The thread was stretched in a pattern that formed intersections at 90◦ and about 45◦, as
shown in Fig. 5a. The soaking and drying caused an uneven distribution of 99mTc along the thread
(Fig. 5b). However, the LSF of reconstructed horizontal and vertical thread images was measured
with the FWHM to be 0.75 mm and 0.80 mm, respectively (see Fig. 5c).
A spectrometric gamma-ray source of 241Am of small size (Fig. 6a) was used as a cross-check.
The reconstructed image is shown in Fig. 6b. The image profile was fitted by a convolution of
the uniform distribution with the width of 1.46 mm and a Gaussian with standard deviation of
0.35 mm (see Fig. 6c). Therefore, the spatial resolution was equal to 0.82 mm (Fig. 6b,c), which
was consistent with the results obtained using the point-like and the thin linear sources.
Another cross-check was made using a capillary filled with a solution containing 99mTc. The
internal and external diameter of the capillary was 1 mm and 1.5 mm, respectively. The 99mTc
activity was 156 MBq and the exposure time was 2 minutes. The picture of the capillary and the
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a)
b) c)
Fig. 5. Visualization of a thread saturated with 99mTc (selected energy range: 90 keV - 145 keV): a) a thread
pattern, b) the reconstructed image, c) vertical and horizontal LTFs.
a) b) c)
Fig. 6. 241Am spectrometric source (selected energy range: 40 keV - 60 keV): a) 241Am spectrometric source,
b) the reconstructed image, c) the response function to the 241Am spectrometric source.
reconstructed image are shown in Fig. 7a and Fig. 7b. The reconstructed image profile was fitted
by a convolution of 1 mm wide rectangular distribution with a Gaussian. The spatial resolution of
0.74 mm was derived from the fit, that confirmed the results obtained using the thin linear source
(see Fig. 8).
Finally, the characteristic radiation emitted from a copper ring irradiated by X-rays was used
to obtain the image of the complex shape (Kα line of 8.98 keV was used). The thickness of the ring
was 1 mm and the external and internal diameters – 11.9 mm and 10.2 mm, respectively. The ring
was rotated by 45◦ with respect to the detector plane. The results are shown in Fig. 9. The average
diameter of the ring from the reconstructed image is equal to 11.4 mm, which is compatible with
the real diameter of the ring.
4 Simulation study
The systematic study of the response of the system based on coded aperture to the gamma sources
of different shape, with the energy up to 350 keV was carried out using the simulation based on the
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a) b) c)
Fig. 7. Capillary with 99mTc (selected energy range: 90 keV - 145 keV): a) the picture of the capillary, b)
the reconstructed image, c) the simulation.
Fig. 8. Comparison of experimental and simulated profiles of the capillary filled with 99mTc.
Geant4 toolkit [22, 23]. The experimental setup with 1.5 mm thick CA mask was modelled. The
simulation did not take into account the effects associated with the charge collection in the sensor
and the readout electronics of the Timepix chip. Instead, the true position of the particle incident
was taken into consideration and the simulated energy deposit was smeared with the experimental
energy resolution. Low energy Geant4 electromagnetic package [24], based on the Livermore data
libraries, was used to simulate photon interactions with the expected cross-section precision within
10% in the energy range of interest [25]. The experimental data obtained with 241Am were used to
adjust the geometrical parameters of the model. Other experimental data sets were used to cross-
check the simulation up to the photon energy of 140 keV. Prediction at higher energy relied on the
validity of physics models of Geant4 corroborated by the cross-check results. The reconstruction
algorithm was identical to the one used in the experiment, including the selection of the energy
range.
The comparison of the simulation and experiment using two 241Am radioactive sources is
shown in Fig. 10. The sources are clearly distinguishable, when separated from each other at a
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a) b) c)
d)
Fig. 9. Visualization of the copper ring (selected energy range: 6 keV - 9 keV): a) a picture of the copper
ring, b) the shadowgram, c) the reconstructed image, d) the profile.
distance of 2.5 mm. Comparison of image profiles demonstrate that the simulation is compatible
with the experiment. The difference in the profile of reconstructed images (see Fig. 11) can be
explained by small imperfections of the model: the intensity of the sources is assumed to be flat,
the open mask elements are identical.
Fig. 10. Visualization of two 241Am sources (selected energy range: 50 keV - 65 keV): shadowograms (left)
and reconstructed images (right) are shown. Simulated data are plotted in the top and the experimental data
– in the bottom.
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Fig. 11. Comparison of simulated and experimental profiles of two 241Am sources.
The similar comparison was made for the experiment with the capillary filled with a solution
containing 99mTc, as described above. The image profiles are shown in Fig. 8. The reconstructed
image profile was fitted by a convolution of 1 mm wide rectangular distribution with a Gaussian.
The spatial resolution of 0.74 mm, equal to the experimental one, was obtained in the simulation,
according to the image profile. While the simulation is also compatible with the experiment,
the minor difference in the tails can be associated with the different noise levels in the original
shadowgrams.
Finally, the simulation was used to calculate the spatial resolution and the detection efficiency
for the gamma sources that are most often used in SPECT (Table 2). The point-like source was
simulated. No cut on the gamma ray energy was applied during the detection efficiency calculation.
Fig. 12. SNR calculation (blue square corresponds to the signal area, red square - to the background area.
The signal-to-noise ratio (SNR) was defined as follows:
SNR = S/
√
S2 + B2, (4.1)
where S is the integral intensity of signal in the range of 3σ around the maximum, and B is the
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Table 2. The calculated data obtained for the gamma emitters most commonly used in SPECT.
Isotope Energy
[keV]
Spatial
resolution
[mm]
Registration efficiency, %
(with the collimator)
SNR
CdTe 1 mm CdTe 2 mm
125I 30 0.88 40 40 96
67Ga 93.3 0.89 28 36 90
177Lu 113 0.89 23 31 88
201Tl 135 0.89 16 27 87
99mTc 140.5 0.89 15 23 87
117mSn 158.6 0.90 11 20 86
123I 159 0.90 11 20 85
201Tl 167 0.90 10 18 85
111In 171.3 0.90 10 17 84
67Ga 184.6 0.91 8 16 83
177Lu 210 0.91 7 12 81
111In 245.4 0.91 5 10 78
67Ga 300 0.92 4 7 74
133Xe 350 0.92 3 6 69
integral intensity of the background calculated in the similar area outside the signal image, as shown
in Fig. 12.
It is noteworthy, that the spatial resolution slightly worsens as the photon energy increases.
The higher the energy, the lower the absorption coefficient of the collimator and more photons pass
thorough the opaque elements of the CA mask, thus providing a higher background counts in the
detector and reducing the SNR (see Fig.13).
5 Conclusion
A system based on the coded aperture and the hybrid pixel Timepix detector with the CdTe sensor
has been used to obtain images of different gamma ray sources. The spatial resolution is shown to
be of 0.8-0.9 mm at the field of view of 3 cm × 3 cm for the energy range typical for SPECT. The
experimental data, supported by the simulation, demonstrate that a 1.5 mm thick tungsten coded
aperture is sufficient to obtain an image of the distributed radioactive sources with the energy of
gamma rays at least up to 140.5 keV without significant reconstruction artifacts. At higher energy,
the image quality starts to deteriorate due to lower detection efficiency and lower absorption in
the collimator. This increases the reconstruction artifacts which become evident at the energy of
gamma rays about 180 keV. High spatial resolution combined with the sufficiently large field of
view allows using this system for SPECT studies of small animals.
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Fig. 13. Simulated images of a source with the gamma ray energy of (left to right) 30, 140, 180, 350 keV.
The reconstructed images are shown in the top row. The shadowgrams are shown in the bottom row.
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